Microorganisms play an important role in the propagation and growth of plants. Propagation of plants through stem cuttings is a popular method widely practiced in horticulture and forestry. As the information on the interactive role of arbuscular mycorrhizal (AM) fungi and phosphate-solubilizing bacteria (PSB) in the regeneration and growth of clonally propagated plants is limited, we inoculated stem cuttings of Impatiens walleriana with Rhizophagus fasciculatus and Bacillus megaterium var. phosphaticum individually or in combination in an unsterile Alfisol field soil. The inoculated cuttings were harvested after 45 days of cultivation and various growth parameters and phosphorus (P) uptake were measured. Inoculation with the AM fungus or PSB individually improved plant growth parameters, whereas the dual inoculation did not give synergistic results. Plants inoculated at cutting stage with R. fasciculatus accumulated the highest plant biomass and showed maximum microbial inoculation effect and efficiency of P uptake. Inoculation with the PSB stimulated symbiosis with native AM fungi but a synergistic effect has not been found when both AM fungi and PSB were co-inoculated. It could be concluded that screening for compatibility between microorganisms is essential before selecting the bioinoculants for dual inoculation.
INTRODUCTION
In recent years rapid progress has been made in the large-scale vegetative propagation of several plant species. At present many plant species can be efficiently and cheaply propagated through rooted stem cuttings. The advantages of clonal propagation are well known. One of the major benefits of clonal propagation is that the progenies are true to type where the favorable characters are passed on to the subsequent generations (McKey et al. 2010) . Clonal propagation through stem cuttings is one of the most popular and widespread methods of production of planting materials in horticulture and forestry. A large number of plant species that are propagated through seeds could also be easily propagated clonally.
Generally, all the plant parts could act as propagules when suitable conditions are provided for their regeneration. For example, regeneration of plants from the stem, root, and leaf cuttings has been reported in a wide range of plant species (Read 2015; Gardner et al. 2019; Kapczyńska 2019) . Phytohormones, especially auxins, are applied to the cuttings to increase rooting. One of the major problems in clonal propagation, however, is that the cuttings are normally rooted under the high substrate and atmospheric moisture. This highly humid condition favors the proliferation of pathogens resulting in plant loss (Copes & Blythe 2011; Maússe-Sitoe et al. 2016) . Therefore cuttings are often rooted in soilless substrates or substrates that are sterilized (Koshila Ravi & Muthukumar 2019) . ____________________________________________________________________________________________________________________ Plants growing in natural soil are often associated with a wide range of microorganisms that influence their growth and health. Among them, the microorganisms that form an association with plants are most influential in affecting the growth and development of plants. Arbuscular mycorrhizal (AM) fungi belonging to Glomeromycota and Mucoromycotina are the most abundant soil fungi that associate with a wide range of plant species belonging to different groups. These fungi benefit plants in the uptake of nutrients, especially phosphorus (P) and other slow mobile nutrients in deficient soils. In addition to the nutritional benefit, AM fungi also protect host plants against various types of abiotic and biotic stresses thereby increasing plant growth and yield. Studies have shown that colonization of the adventitious roots of the stem cuttings by AM fungi could enhance their growth and fitness (Karagiannidis et al. 2011; Singh et al. 2013) . One of the main drawbacks in many of the studies investigating the role of AM fungi in growth performance of cuttings is that these studies are often conducted in soilless substrates or disinfected soils.
Phosphorous is a major nutrient that is essential for growth and metabolism of plants. In soils, the availability of P is limited as this element is often complexed with other soil elements or exists in organic forms. This renders the soil deficient in available P, which is a common phenomenon in the tropics. Like AM fungi, phosphate-solubilizing bacteria (PSB) play an important role in increasing the availability of P to the plants by solubilizing the bound P in the soil. Previous investigations have shown that inoculation of PSB into the soil increases the availability of soil P thereby promoting plant growth (Kudoyarova et al. 2017) . In addition to solubilizing P, PSB also produces phytohormones that are known to improve plant growth especially root proliferation (Kudoyarova et al. 2017) . A few studies have examined the role of PSB in the growth of stem cuttings in different plant species (Erturk et al. 2010; Beneduzi et al. 2013) .
Impatiens walleriana Hook. f., popularly known as balsam, is an ornamental plant belonging to the plant family Balsaminaceae and is native to East Africa. This species is widely cultivated for its ornamental value in many parts of the world and has naturalized in many of these areas (Lim et al. 2014) . In addition to its ornamental value, the flowers of Impatiens walleriana are edible and the decoction prepared from the dried leaves and roots is used as an abortifacient (Kokwaro 2009 ). I. walleriana could be propagated through seeds as well as foliar stem cuttings (Lim et al. 2014) . A previous study (Koide et al. 1999 ) has shown that the AM fungus Rhizophagus intraradices (Glomus intraradices) could improve the growth of I. walleriana plants raised from seeds. Though a large number of studies have examined the interactive influence of AM fungi and PSB on plants that were raised from seedlings, there is limited information on such effect on clonally propagated plants. Therefore in this study, we investigated the influence of AM fungi and PSB inoculation on rooting and growth of I. walleriana plants in unsterilized field soil. Further, we also examined if there were any relations between the uptake of P and growth of I. walleriana stem cuttings.
MATERIALS AND METHODS

Study site and plant material
The experiment was conducted at the shade house of the Botany Department (11°02′20.9″ N, 76°52′58.5″ E), Bharathiar University, Coimbatore, India. Stem cuttings of I. walleriana were prepared from the shoots collected in the Botanical Garden of the Bharathiar University. The healthy stem cuttings used in the study were 10 cm in length with almost uniform thickness and three leaves.
Determination of the soil characters
Surface Alfisol soil and sand were collected from Bharathiar University campus and were hand-mixed in the ratio of 1 : 1 (V : V). Soil pH and electrical conductivity (EC) were determined in 1 : 5 soil : water (v/v) suspension using respective digital meters The pH was 7.6 and EC 0.15 dS·m -1 . The total nitrogen (N) and available P determined according to Jackson (1967) were 7.9 mg·kg -1 and 0.48 mg·kg -1 , respectively. The exchangeable potassium (K) determined after extraction with ammonium acetate (Jackson 1967 ) was 17.8 mg·kg -1 . The indigenous AM flora in the soilsand mixture consisted of Rhizoglomus aggregatum, ____________________________________________________________________________________________________________________ Funneliformis geosporus, and Sclerocystis sinuosa, and the most probable evaluation technique indicated the presence of 53 AM propagules per gram (Muthukumar & Udaiyan 2006) . Likewise, the indigenous PSB bacteria assessed using Pikovskaya's agar plates were 2 × 10 3 CFU (colony forming units) per gram of soil-sand mixture (Muthukumar & Udaiyan 2006) .
Microbial inoculums
Commercial inoculums of PBS Stanes Symbion-[P]  and AM fungi Symbion VAM  recommended for field crops and ornamental plants were obtained from T. Stanes and Company Limited, Coimbatore, India. The liquid PSB inoculum contained 10 9 cells of Bacillus megaterium var. phosphaticum per milliliter of the inoculum. The AM fungal inoculum, prepared with exfoliated vermiculite as the carrier, contained 1000 propagules of Rhizophagus fasciculatus per gram of the inoculum in the form of spores, soil hyphae, and mycorrhizal roots.
Experimental design
The experiment was carried out in a completely randomized block design with four treatmentscontrol, AM (2.5 g), PSB (1.25 ml), AM + PSB (2.5 g + 1.25 ml)and ten replicates with a total of 40 containers (bags: 4  10 = 40). The microbial inoculum was placed in the planting hole prior to the insertion of the stem cuttings. Sterilized inoculum of AM and PSB at their specific application rate was added to the control and treatments not involving any of these microorganisms. The hormone-untreated stem cuttings were planted in polythene bags (15 cm height  9 cm diameter), containing 105 g of the soil-sand mixture. The cuttings were planted at a depth of 2.5 cm and irrigated daily to the field capacity; no fertilizers were added. Harvest After 45 days of the experiment initiating, the plants were harvested destructively with their entire root system almost intact. The soil was washed from the roots and a weighed portion of each root sample from five randomly selected plants from each treatment (n = 5) was preserved in formalin-acetic acid-alcohol (FAA) solution for the assessment of AM colonization. Morphological parameters like plant height, number of branches, leaf numbers, and total root length (Newman 1966) were evaluated. Rooting efficiency was determined as the percentage of rooted cuttings to the total number of cuttings used in each treatment (Szabó et al. 2013) . Shoots and roots were separated and dried at 40 °C for 72 hours to constant weight for the determination of dry mass. The root/shoot dry mass ratio was calculated from the respective dry mass. Specific root length [cm·mg -1 ] was calculated as the length to mass ratio: total root length [cm]/root dry weight [mg] (Ostonen et al. 2007 ). Microbial inoculation effect (MIE) was calculated using the formula of Muthukumar and Udaiyan (2006) :
Estimation of phosphorus
Phosphorus content in shoots (250 mg) and roots (20 mg) of I. walleriana was determined by Vandomolybdate method (Jackson 1967 ) using a spectrophotometer at 470 nm, after wet-ashing the plant sample in nitric-perchloric acid mixture. As the material of individual plants was small, especially for roots, we randomly pooled plants in each treatment into three groups (n = 3) of three plants each for the estimation of P. The efficiency of P utilization (EPU) was calculated according to Gray and Schlesinger (1983) Preparation of roots for AM assessment Fixed roots were washed free of FAA and cut into 1-cm long bits, cleared in 2.5% potassium hydroxide (KOH) at 90 °C (Koske & Gemma 1989) , acidified with 5N hydrochloric acid (HCl), and stained with trypan blue (0.05% in lactoglycerol). The roots were kept overnight in chlorozol black E lactoglycerol for staining. The stained roots were examined with a compound microscope (400) for AM fungal structures and the percentage of root length colonization was determined according to magnified intersection method (McGonigle et al. 1990 ).
____________________________________________________________________________________________________________________
Statistical analysis
Analysis of variance (ANOVA) was performed on all the data to compare microbial inoculation effects on I. walleriana growth and P uptake after testing the data for homogeneity (Levene's test). Means were separated using Duncan's multiple range test (DMRT). Percentage data on AM colonization were arcsine square-root transformed prior to analysis. Regression analysis was used to assess the relationship between plant biomass and the efficiency of P uptake.
RESULTS
AM colonization
Adventitious roots of I. walleriana plants in all the treatments were invariably colonized by AM fungi. The fungal colonization was characterized by the presence of hyphae that transversed the cortex both intercellularly and intracellularly forming coils, arbuscules, arbusculate coils, vesicles and extramatrical hyphae that sometimes contained spores (Fig. 1) . Abundant lipid droplets were observed in the intraradical fungal hyphae of the AM fungus and PSB co-inoculated plants. ____________________________________________________________________________________________________________________ There were significant differences in the extent of root length containing different AM fungal structures (F2,48 = 182.724; p < 0.001) (Fig. 2) . Inoculation of microorganisms also significantly affected the root length with different AM fungal structures (F3,48 = 10.071; p < 0.001). The interaction among these factors (structures  inoculation) was also significant (F6,48 = 3.579; p < 0.01) (Fig. 2) .
The root length with AM fungal hyphae/hyphal coils and arbuscules/arbusculate coils in plants from cuttings inoculated with AM + PSB were respectively 20-52% and 6-75% higher compared to control and individual inoculation of these microorganisms ( Fig. 2a, b) . Vesicles were only observed in adventitious roots of I. walleriana inoculated with the AM fungus and PSB individually (Fig. 2c) . In contrast to the root length colonized by different AM fungal structures, the total AM fungal colonization was highest in AM fungus-inoculated roots that were 3-64% higher than the control and other inoculations (Fig. 2d) . The differences among treatments for root length containing different AM fungal structures and total colonization were significant (Table 1) . 
Plant growth
The rooting efficiency was 100% as all the cuttings regardless of inoculation and including control had roots after 45 days. In general, microbial inoculation significantly affected all the plant growth parameters examined (Table 2) , but only plants inoculated with PSB individually were significantly taller compared with control by 20% and compared with dual inoculated plants by 17%. The numbers of branches, leaves, and total root length were significantly higher in the treatment where both microorganisms were inoculated. The shoot biomass of cuttings significantly increased only when AM inoculation was applied. The shoot biomass of cuttings inoculated with AM fungus alone was 42-73% higher than that of cuttings in control or cuttings inoculated with PSB or AM + PSB. Contrary to this root dry weight was stimulated by PSB and dual inoculation ( Table 2 ). The R/S ratio of PSB-inoculated cuttings was significantly higher than in other treatments. Inoculation of AM fungi and PSB individually or dually significantly affected the specific root length (F3,36 = 12.614; p < 0.001). The specific root length was the highest in plants inoculated with both microorganisms (Fig. 3) . The differences in the MIE for microbial inoculated I. walleriana stem cuttings were significant (F2,27 = 19.372; p < 0.001). The MIE value of plants inoculated as cuttings with the AM fungus was 146% and 176% higher than those inoculated with PSB and AM + PSB (Fig. 4 ). 17.67 ± 0.62b 1.30 ± 0.1523ab 9.50 ± 0.40ab 25.10 ± 1.81a 192.3 ± 23.24a 10.9 ± 0.50c 0.064 ± 0.007b AM + PSB 15.10 ± 0.90a 1.50 ± 0.1702b 10.80 ± 1.03b 31.72 ± 1.57b 182.7 ± 14.54a 10.6 ± 0.54bc 0.061 ± 0.005b F-statistics df = 3,36 4.154 ** 4.696 ** 3.786 ** 7.818 *** 6.139 ** 5.790 ** 3.681 * * , ** , *** Significant at p < 0.05, p < 0.01, and p < 0.001, respectively. Means ± standard error in a column followed by the same alphabet are not significantly (p > 0.05) different according to Duncan's multiple range test. 
Phosphorus content and uptake
The P content significantly varied between the shoots and roots of I. walleriana (F1,16 = 12.797; p < 0.01) (Fig. 5 ). The differences in P content in shoots were significant (F3,8 = 5.467; p < 0.05). The highest content of P in shoots was recorded after PSB and AM + PSB inoculation, whereas the lowest in control. In contrast, the differences in P content in roots were not significantly different (F3,8 = 1.167; p > 0.05). Single AM inoculation significantly increased the efficiency of P uptake, PSB increased this parameter in comparison with AM + PSB and control (F3,36 = 11.052; p < 0.001) (Fig. 6 ). The P uptake per unit of the root in AM-inoculated cuttings was 63-179% higher than that of control, PSB-and AM + PSB-inoculated cuttings. A significant linear relationship existed between the efficiency of P uptake and the biomass of the cuttings (Fig. 7) . Fig. 6 . Influence of arbuscular mycorrhizal (AM) fungus and phosphate-solubilizing bacterial (PSB) inoculation on the efficiency of P uptake in Impatiens walleriana plants. Concontrol. Bars ± one standard error bearing same letter are not significantly (p > 0.05) different according to Duncan's multiple range test. Fig. 7 . Relationship between the efficiency of phosphorus (P) uptake and dry weight of Impatiens walleriana plants. ** Significant at p < 0.01. ____________________________________________________________________________________________________________________ 
DISCUSSION
The results of this study clearly indicated that inoculation of R. fasciculatus or B. megaterium influenced some growth parameters and P uptake of I. walleriana stem cuttings. This is in accordance with studies where AM fungi or PSB are shown to improve the growth of different plant species (Vafadar et al. 2014; Koshila Ravi & Muthukumar 2019) . Inoculation of PSB resulted in the tallest plants, which is in accordance with studies where inoculation of plant growth-promoting rhizobacteria (PGPR), including B. megaterium, has been shown to enhance plant height (López-Bucio et al. 2007; Vafadar et al. 2014 ). This increase of plant height could be attributed to the increased availability of nutrients and the production of phytohormones by the bacteria (Montero-Calasanz et al. 2013 ). In addition, it appears that the cytokinin signaling and production of volatiles like 2-pentylfuran play an important role in the stimulation of plant growth by B. megaterium (Ortíz-Castro et al. 2008; Zou et al. 2010) .
The higher biomass accumulation in shoots of plants inoculated with AM fungus than those inoculated with PSB or co-inoculated by both microorganisms is in accordance with the observations of Marulanda-Aguirre et al. (2008) where lettuce (Lactuca sativa L.) plants accumulated more plant biomass when inoculated with Glomus constrictum alone than when co-inoculated with B. megaterium. This reduction in plant biomass upon AM fungus and PSB co-inoculation compared to the single inoculation with AM was attributed to the lack of compatibility between the inoculated pair of microorganisms (Marulanda-Aguirre et al. 2008) .
There are reports that demonstrate synergistic interactions between co-inoculated AM fungi and PSB on plant growth (Abdel-Rahman & El-Naggar 2014; Vafadar et al. 2014) . However, the benefits of dual inoculation of R. fasciculatus and B. megaterium to the growth of I. walleriana plants were not synergistic in this study. This is affirmed by the fact that, though dual inoculation of the AM fungus and PSB increased the number of leaves and branches, root length, and root dry weights of I. walleriana plants compared with uninoculated control, these increases were almost on par or only marginally higher compared to individual inoculation with these microorganisms. Moreover, the change in the R/S ratio, which is the measure to assess the overall health of the plants, also suggests this. Normally, the R/S ratio increases when plants are under nutrient stress, as plants allocate more resources for increasing the acquisition of the limiting resources and the R/S ratio tends to decrease under resource sufficiency. The increased R/S ratios of PSB-and AM fungus + PSB-inoculated cuttings in spite of increased plant P indicate that other nutrients than the one studied here may be the reason of limiting plant growth.
Total root length and specific root length are two important root architectural characteristics that determine the direct uptake of nutrients by plants. These characteristics not only vary with time and space but also are greatly influenced by the nutrient demand of the plant and the existing environmental conditions. Previous studies have shown that AM symbiosis or inoculation of PSB could significantly affect both total and specific root lengths of plants originating either from seeds or clonally propagated (Erturk et al. 2010; Abdel-Rahman & El-Naggar 2014) . López-Bucio et al. (2007) showed that architectural changes in Arabidopsis thaliana roots induced by B. megaterium were produced by unidentified diffusates and were independent of auxinand ethylene-signaling mechanisms. Similarly, a diffusible factor produced by AM fungi belonging to Gigaspora and Rhizophagus was shown to stimulate lateral root formation in Medicago truncatula (Oláh et al. 2005) . Specific root length is a root parameter that is widely measured to ascertain the response of fine roots in the changing environment. This parameter is quite often used as an indicator of nutrient availability under specific conditions and usually increases under nutrient limitation conditions (Ryser 2006 ).
____________________________________________________________________________________________________________________
In this study, the specific root length of AM fungus-inoculated plants (individually or along with PSB) was higher suggesting that AM symbiosis results in finer roots. This is in accordance with Sinclair et al. (2014) who showed that strawberry plants inoculated with a cocktail of AM fungi like Funneliformis caledonius, Funneliformis mosseae, and Rhizophagus irregularis had increased specific root length compared to uninoculated plants. Increased AM colonization along with higher specific root length could help plants in the efficient uptake of nutrients.
In line with previous studies, microbial inoculated cuttings accumulated more P in their shoots and roots. This increased accumulation could be attributed to various microbial processes like the solubilization of P in the soil by the PSB, root fineness, and AM fungal hypha-mediated nutrient transport. It is well known that PSB produces a large number of organic acids, which solubilize the bound P and make it available to the plants. In addition, the AM fungal hyphae forage the soil for P more efficiently and acquire the P content that is made available by the PSB before it is taken up by other microorganisms or refixed in the soil. Moreover, the increased root length and specific root length in response to the microbial inoculation could also have facilitated the direct uptake of P from the soil. Any or all of these mechanisms could have contributed to the increased P content in microbial inoculated plants. This is clearly evidenced in this study where the uptake of P per given unit of the root (efficiency of P uptake) was higher for microbial inoculated plants than that for the uninoculated plants.
Inoculation with B. megaterium increased the colonization of I. walleriana roots by native AM fungi, which is in accordance with the fact that PSB could act as mycorrhizal helper bacteria (Lies et al. 2018 ). However, this stimulatory effect was not evident when B. megaterium was co-inoculated with R. fasciculatus. Several species of bacteria belonging to Bacillus, including B. megaterium can colo-nize the surface of the fungal hyphae and the hyphosphere and grow at the expense of AM fungi (Lecomte et al. 2011) . Moreover, interesting observations were made in this study: the presence of large oil droplets in the intraradical AM fungal hyphae and restriction of vesicles to treatments involving individual inoculation of the microbes. Generally, vesicles are considered as storage structures of AM fungi and are large reservoirs of lipids. The available evidence indicates that AM fungi take up sugars (predominantly glucose) from their host and convert them into lipids in the intraradical hyphae, which are later exported to the extraradical mycelium and the spores (Rich et al. 2017) . The development of the lipid droplets in the AM fungal hyphae coincides with the degeneration of the fine arbuscular branches (Kobae et al. 2014) . Nevertheless, the abundant lipid droplets in the intraradical hyphae suggest that these could also act as storage structures or may be indicative of increased lipid synthesis from the host carbon (Bago et al. 2002) . Further studies in this line would reveal if intraradical hyphae could be an alternative for fungal storage to vesicles.
CONCLUSIONS
The results of this study demonstrated that inoculation of AM fungus and PSB has the potential to increase the plant growth and P uptake of I. walleriana stem cuttings even in natural field soil. This enhanced plant growth was correlated with the increased P content in shoots and to some extent with uptake efficiency of microbial inoculated plants. Moreover, inoculation of the microorganisms affected the adventitious root structure with long and fine roots. The findings of this study also indicate that the interaction between the AM fungus and PSB may not be positive for plant growth. Therefore it is important to assess the compatibility of the co-inoculating microorganisms to achieve maximum benefit from their application. The results of the study could be important in organic plant production systems. ____________________________________________________________________________________________________________________ 
